1. The effect of extracellularly applied pentachlorophenol (PCP) was studied on the membrane potential (Vm) and Ca2+ uptake in isolated single-skeletal muscle cells of Balanus nubilus. 2. When compared with the controls, 0 1 mm PCP induced a significant (P < 0 05) increase in Ca2+ uptake accompanied by membrane depolarization (9 mV at 45 min incubation). This depolarization was reduced by 11 % if extracellular Ca2+ (Ca2.+) was replaced by Tris+ and by 50 % if extracellular Na+ was also replaced by Tris+.
(ml NaSWCa NaSWOCa TrisCa TrisOCa and, in its absence, by Na+ and Tris+. A preliminary report of some of these findings has been published (Nwoga, Sniffen, Pefna-Rasgado, Kimler & Rasgado-Flores, 1995) . METHODS Animals Specimens of Balanus nubilus were obtained from Bio-Marine Enterprises (Seattle, WA, USA). Barnacles were maintained in aquaria containing refrigerated (10 0C), continuously filtered artificial sea water (Carolina Biological Supply Co., Burlington, NC, USA). The pH (7 6) and osmolality (1000 mosmol (kg H2O)') of the artificial sea water were checked twice a week and were adjusted as needed.
The animals were killed by breaking the shell and dissecting out the muscle fibres. Cells from the rostral depressor muscles were carefully separated from each other in NaSWCa (basic artificial Nae-sea water solution, see Table 1 ) with the aid of a dissecting microscope as previously described (Berman et al. 1993) . To prevent muscle contraction at the time of separation from their basal attachment to the carapace, cells were pre-incubated for 1 h in Ca2P-free NaSW (NaSWOCa, see Table 1 ). Summers, McGruder, DeSantiago & Rasgado-Flores, 1994b) . The cell was continuously superfused with the external solution at a rate of 4 ml min' and the tendon and basal end of the cell were sealed with vaseline. Immediately after mounting the cell, the external solution was replaced by the desired experimental one. An intracellular membrane potential electrode and current passing wire were introduced into the cell through the basal end of the cell mounted in the cannula. Undamaged cells suitable for experimentation had a high Vm in the presence of C20+ (>-50 mV) that remained stable or depolarized slowly during the experiment (1P7 + 0-2 mV h'). Cells that had a small Vm in the presence of Ca2+ or depolarized rapidly were discarded. In some experiments, Ca2+ uptake was measured in cells cannulated and suspended in a vertical position by means of a 50-80 mg weight attached to the tendon in a 5 ml vial as previously described (Bittar & Nwoga, 1989; Nwoga & Bittar, 1991) . Results were identical regardless of which type of experimental chamber was used. All experiments were carried out at 20 'C.
Reagents and solutions
Voltage-clamp system The barnacle muscle voltage-clamp set-up has been previously described (Espinosa-Tanguma et al. 1993; Penia-Rasgado et al. 1994b (Bittar & Wu, 1993) Ca2+ uptake in barnacle muscle cells was examined. Figure   IA shows that 1 mm PCP induced a very large significant (*) increase in Ca2+ uptake which reached a steady-state value approximately 50-fold greater than controls after about 40 min incubation. Figure 1B depicts that 0-1 mM PCP promoted a more modest but still significant (*) increase in Ca2+ uptake which was about 4-fold greater than the controls at 40 min incubation. The delay observed (40-60 min) in reaching the maximum PCP-induced Ca2+ uptake may be due, at least in part, to the fact that barnacle muscle cells possess deep branched invaginations (Hoyle, McNeill & Selverston, 1973) like other invertebrate muscles, lack Nae channels; rather their excitability is mediated via sarcolemmal Ca2+ channels (Hagiwara, Takahashi & Junge, 1968; Ashley & Ridgway, 1970; Atwater, Rojas & Vergara, 1974) . Similarly, barnacle muscle cells possess a Na+-Ca2+ exchanger which can rapidly mediate Ca2+ influx in exchange for intracellular Nae (Rasgado-Flores & Blaustein, 1987; Rasgado-Flores et al. 1989) . Furthermore, these cells possess non-selective cation channels that are activated by intracellular Ca2+ (Sheu & Blaustein, 1983) .
To assess the participation of voltage-gated Ca2+ channels on the PCP-induced Ca2+ uptake, the effect of selective Ca2+ channel blockers was examined. Given the fact that nifedipine and, to a greater extent, verapamil at 0-1 mM block these channels in barnacle muscle cells (Mason-Sharp & Bittar, 1981) , the effect of these blockers was studied at this concentration on the PCP-induced Ca2+ uptake. As shown in Fig. 2A Figure 3 . Time course of the change in membrane potential (Vm) in response to exposure to various extracellular conditions Abscissa, difference between the Vm measured at each indicated experimental time minus the Vm measured at time zero in the graph (A Vm). Therefore, a positive A Vm value represents a membrane depolarization. All cells were mounted in the experimental chamber in the presence of NaSWOCa (see Methods). Except for the case where the cells remained in NaSWOCa, cells were pre-incubated in the appropriate external solution for 1 h prior to time zero in the graph. At this time, 0O1 mM PCP was added to the external solutions except for the control cells which remained incubated in NaSWCa (0). The data points represent the mean Vm ± S.E.M. of 4-10 cells exposed to the following external solutions: 0, NaSWCa (n = 8); *, NaSWCa plus O-1 mm PCP (n = I0); *, NaSWOCa plus O 1 mm PCP (n = 4); Voltage clamp influx than that present in non-clamped cells which continuously depolarize at a slow rate; and (ii) introduction of the current-passing wire in addition to the Vm electrode into the cells produces an increased 'leakiness' which is manifested as an increase in Ca2+ influx.
DISCUSSION
Cytoplasmic vs. plasmalemmal site of action of PCP PCP is a weak acid with a pKa of 4-7-4-8 (Schellenberg, Leuenberger & Schwarzenbach, 1984) . Therefore, at a pH of 7-8, PCP is completely ionized. Interestingly, external acidification from pH 8 to pH 6-0 produces a five-fold increase in the efficacy of PCP to induce an increase in
[Ca2+]i in barnacle muscle cells (Bittar & Wu, 1993) . This indicates that the un-ionized form of PCP is more effective than the ionized one in promoting Ca2+ uptake. However, when present in environments of lower polarity, such as lipid membranes, the pKa increases and thus both the ionized and un-ionized forms are present in biological membranes at physiological pH (Smejtek et al. 1987a) . Therefore, at present, it is still unclear whether PCP produces its effect at the cytosolic or membrane levels, or both.
Pathway of PCP-induced Oa2+ uptake
The fact that 0-1 mm verapamil completely inhibited the PCP-induced Ca2+ uptake permits us to rule out the possibility that the Nae-Ca2+ exchanger mediates this uptake because this concentration does not affect this exchanger (Rasgado-Flores, DeSantiago & EspinosaTanguma, 1991; Espinosa-Tanguma et al. 1993 ).
The possibility that intracellular Ca2+-activated nonselective cation channels may be responsible for the PCPinduced Ca2+ uptake deserves consideration because it has been shown that Ca2+ may permeate through these channels in some cells including human neutrophils (von Tscharner, Prod'Hom, Baggiolini & Reuter, 1986) and mammalian smooth muscle (Loirand, Pacaud, Baron, Mironneau & Mironneau, 1991) . In these latter cells, Ca2+ permeability is about twenty-one times greater than that of Nae. On the other hand, Ca2P channel blockers such as dihydropyridines and phenylalkylamines at a 10`5 M concentration do not affect non-selective cation channels in smooth muscle cells (Loirand et al. 1991) (Dubyak & Scarpa, 1982) . The Permeation of monovalent cations through Ca2+ channels in the absence of this divalent cation has been documented in numerous cells (reviewed by Hille, 1993; McDonald, Pelzer, Trautwein & Pelzer, 1994) including barnacle muscle cells (Pefia-Rasgado et al. 1994a ). Figure 3 also shows that the presence of NaSWCa, NaSWCa + PCP + verapamil and TrisSWOCa + PCP + verapamil induced a small but consistent membrane hyperpolarization. In the case of the NaSWCa and NaSWCa + PCP + verapamil solutions, this effect is explained by the stabilizing effect of C20+ on the membrane potential of barnacle muscle cells (see above). On the other hand, the hyperpolarizing effect of the TrisSWOCa + PCP + verapamil is explained by the fact that Tris+ has a lower passive permeability than Nae across the sarcolemma of barnacle muscle cells (EspinosaTanguma et al. 1993) . Therefore, under conditions of blockade of Ca2+ channels in the presence of verapamil, replacement of Na+ by Tris+ induces membrane hyperpolarization. PCP activation of Ca2+ channels Figure 4 illustrates that depolarization of the membrane by PCP is not necessary to promote Ca2+ influx. This finding demonstrates that depolarization is an effect and not the cause of the Ca2+ uptake which probably involves L-type Ca2+ channels. Activation of L-type sarcolemmal Ca2+ channels in skeletal muscle has been reported to result from phosphorylation of the channel protein, or a protein closely associated with the channel (O'Callahan & Hosey, 1988; McDonald et al. 1994) . Such phosphorylation may be mediated by cyclic AMPdependent activation of protein kinase A (MundinaWeilenmann, Ma, Rios & Hosey, 1991; Zhao, Gutierrez, Chang & Hosey, 1994) or activation of protein kinase C (Chang, Gutierrez, Mundina-Weilenmann & Hosey, 1991; Ma, Gutierrez, Hosey & Rios, 1992) . On the other hand, direct activation of these channels by inositol trisphosphate has also been reported (Vilven & Coronado, 1988 
